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Figure 4: Contours of mh in the MSSM as a function of a common stop mass mQ3 = mu3 = m
˜t

and the stop mixing parameter Xt, for tan � = 20. The red/blue bands show the result from
Suspect/FeynHiggs for mh in the range 124–126 GeV. The left panel shows contours of the fine-
tuning of the Higgs mass, �mh

, and we see that �mh
> 75(100) in order to achieve a Higgs mass

of 124 (126) GeV. The right panel shows contours of the lightest stop mass, which is always
heavier than 300 (500) GeV when the Higgs mass is 124 (126) GeV.

We now consider the degree of fine-tuning [5, 6, 7, 8, 9] necessary in the MSSM to accommo-

date a Higgs of 125 GeV. We have just seen that rather heavy stops are necessary in order to

boost the Higgs to 125 GeV using the loop correction. The (well-known) problem is that heavy

stops lead to large contributions to the quadratic term of the Higgs potential, �m2

Hu
,

�m2

Hu
= �3y2t

8⇡2

�
m2

Q3
+m2

u3
+ |At|2

�
ln

✓
⇤

m
˜t

◆
, (5)

where ⇤ is the messenger scale for supersymmetry breaking. If �m2

Hu
becomes too large the

parameters of the theory must be tuned against each other to achieve the correct scale of elec-

troweak symmetry breaking. We see from equation 5 that large stop mixing also comes with a

cost because At induces fine-tuning. At large tan �, Xt ⇡ At, and maximal mixing (|At|2 = 6m2

˜t
)

introduces the same amount of fine-tuning as doubling both stop masses in the unmixed case.

In order to quantify the fine-tuning [8], it is helpful to consider a single Higgs field with a

potential

V = m2

H |h|2 +
�h

4
|h|4. (6)
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NATURALNESS, SUSY AND 
THE HIGGS MASS
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SO WHAT DOES THIS TELL US 
ABOUT SUSY DM?
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Abstract: The ATLAS and CMS collaborations have reported an excess of events in the

γγ, ZZ∗ → 4" and WW ∗ search channels at an invariant mass m " 125 GeV, which could

be the first evidence for the long-awaited Higgs boson. We investigate the consequences of

requiring mh " 125 GeV in both the mSUGRA and NUHM2 SUSY models. In mSUGRA,

large values of trilinear soft breaking parameter |A0| are required, and universal scalar

m0 ! 0.8 TeV is favored so that we expect squark and slepton masses typically in the

multi-TeV range. This typically gives rise to an “effective SUSY” type of sparticle mass

spectrum. In this case, we expect gluino pair production as the dominant sparticle creation

reaction at LHC. For m0 " 5 TeV, the superpotential parameter µ ! 2 TeV and mA !

0.8 TeV, greatly restricting neutralino annihilation mechanisms. These latter conclusions

are softened if m0 ∼ 10− 20 TeV or if one proceeds to the NUHM2 model. The standard

neutralino abundance tends to be far above WMAP-measured values unless the neutralino

is higgsino-like. We remark upon possible non-standard (but perhaps more attractive)

cosmological scenarios which can bring the predicted dark matter abundance into accord

with the measured value, and discuss the implications for direct and indirect detection of

neutralino cold dark matter.
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MAYBE IT’S NOT ALL THAT 
BAD
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ELECTROWEAK ONLY
Direct Production at LHC

ML and N. Weiner [1112.4834] 
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Figure 2: Observed and expected 95% CL limit contours for chargino and neutralino production in the

pMSSM (upper) and simplified model (lower) scenarios. For the simplified models, the 95% CL upper

limit on the production cross-section is also shown. Interpolation is used to account for the discreteness

of the signal grids.
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LSP DARK MATTER

• If you tune your initial conditions (e.g. CMSSM) LSP WIMPs 
are often tuned

• If you give up on preconceived notions of unified soft breaking 
parameters (“chaotic SUSY”), LSP dark matter is pretty easy



IMPLICATIONS FOR SUSY 
SPECTRA
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Figure 2: Prediction for the Higgs mass mh at two loops in High-Scale Supersymmetry (left

panel) and Split Supersymmetry (right panel) as a function of the supersymmetry breaking scale

m̃ and tan � for the central values of ↵3 and mt. In the case of Split Supersymmetry we have

chosen the light sparticle spectrum of eq. (28); in the case of High Scale Supersymmetry we

assumed maximal stop mixing. Excluded values mh < 115GeV and mh > 128GeV are shaded

in gray; the favorite range 124GeV < mh < 126GeV is shaded in green.

eq. (28), and computed the thresholds at the high scale assuming degenerate sparticles at the

scale m̃ and (in the case of High Scale Supersymmetry) maximal stop mixing.

Next we want to study the uncertainty in the Higgs mass prediction due to the errors in

mt and ↵3. In fig. 3 we show the allowed ranges for mh as functions of m̃, taking into account

experimental uncertainties: the boundaries at tan� = 1 and at large tan � are computed

varying ↵3 (black bands) and mt (colored bands) by ±1�. The largest uncertainty comes from

the measurement of mt and corresponds to a 1-� error in mh of about 1–1.5 GeV, depending

on m̃ and tan �. We assume maximal stop mixing in the case of High Scale Supersymmetry

at large tan �, and zero stop mixing otherwise. Of course, the unknown sparticle mass spectra

provide extra uncontrollable uncertainties.

Finally we study the e↵ect of the couplings needed to generate neutrino masses. We assume

type-I see-saw and fix the largest right-handed neutrino Yukawa coupling to its “minimal”

value, g⌫ =
p
matmM/v, where M is the right-handed neutrino mass and matm ⇡ 0.06 eV is

the light neutrino mass renormalized at M . Taking into account its RGE e↵ects at two loops,

we find that, for m̃ > M , the predicted Higgs mass in High-Scale Supersymmetry increases as

shown in fig. 4. The e↵ect is roughly equivalent to the following correction to the high-energy

11
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A SIMPLE, UNNATURAL 
SCENARIO

• So SUSY looks tuned

• 1%, .1%, something

• So maybe we just embrace that

•Q: What is the nicest scenario modulo this?



A SIMPLE, UNNATURAL 
SCENARIO

• Usual approach to SUSY breaking

X is a pure singlet!
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A SIMPLE, UNNATURAL 
SCENARIO

• Anomaly mediated SUSY breaking

Separation of ~ 100 between scalars and inos

so what sets the scale?



DARK MATTER

• The LSP generically (but not exclusively) the Wino

• To be DM or not overclose the universe mW<2.5 TeV



THE SPECTRUM



THE SPECTRUM

There are a lot of nice 
things about this spectrum
1) b-tau unification works 

nicely
2) flavor becomes a non-

issue for SUSY
3) it’s consistent with our 
non-observation of SUSY 

so far



THE SPECTRUM

But this spectrum will 
not be discovered at 

the LHC



THE SPECTRUM

Are we hosed?



A NIGHTMARE SCENARIO?

• If nature is like this, is that it for particle physics?



SQUEEZING THE SPECTRUM
In the presence of additional matter, anomaly 
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A MESSENGER IN ANOMALY 
MEDIATION

In general a squeezed spectrum



A NIGHTMARE SCENARIO?

•What is nature is not kind to us?



A NIGHTMARE SCENARIO?
•Direct detection: Triplet (Wino) has no coupling to Z, no tree 

level coupling to Higgs

Nojiri et al; Cirelli + Strumia
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INDIRECT HANDLES
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FIG. 2: The same set of MSSM and mSUGRA models as in Fig. 1, this time plotted as the annihilation cross section (divided
by m2

�) versus the neutralino mass. Also shown are the projected limits from the gamma-ray experiments discussed in more
detail in the text.

of the potential of such an instrument, we will assume in
the following, for definiteness, a threshold of 10 GeV, an
e↵ective area 10 times the one of CTA and 5000 h ob-
servation time. Of course, these values should just taken
to be indications of what the final design could look like,
the details having to be worked out in more dedicated fu-
ture studies. In Tab. II, we indicate how the performance
details of DMA compare to those of CTA and Fermi.

To summarize, Fig. 2 shows the reach of the gamma-
ray experiments discussed here in the plane h�vi/m2

�

vs.
the dark matter mass m

�

, the first quantity being di-
rectly proportional to the expected signal as given in
Eq. (1). One can clearly see that while CTA would be
able to assess a considerably larger class of models than
Fermi, the reach of DMA would extend even much further
into the underlying parameter space, illustrating nicely
the potential of using a dedicated approach to indirect
searches as proposed here.

In passing, we note that the contribution from IB is,
indeed, quite important to take into account in this type
of studies – especially since it dominates the annihilation
signal at high energies where ACTs are most sensitive. To
illustrate this point, let us consider the ratio of expected
signal and CTA sensitivity, which is of direct relevance for
signal-dominated searches like in the case of dwarf galax-
ies. In Fig. 3, we plot the enhancement of this quantity
that is obtained by including IB e↵ects as opposed to
taking into account secondary and line photons only. As
can be seen, the e↵ect is most important for mSUGRA
models in the bulk and stau coannihilation region, but it
is certainly not negligible also at TeV neutralino masses
like in the focus point/hyperbolic branch region. In fact,
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FIG. 3: This figure shows how much the detectability of a
given model, defined here as the largest ratio of annihilation
signal to CTA sensitivity, for all energy bins, is enhanced by
including IB contributions.

the chance to detect a given model is increased by up
to an order of magnitude, in agreement with what was
found in [24, 59]. We take the opportunity to comment
that while this is an important e↵ect, the spectral sig-
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FIG. 2: The same set of MSSM and mSUGRA models as in Fig. 1, this time plotted as the annihilation cross section (divided
by m2

�) versus the neutralino mass. Also shown are the projected limits from the gamma-ray experiments discussed in more
detail in the text.

of the potential of such an instrument, we will assume in
the following, for definiteness, a threshold of 10 GeV, an
e↵ective area 10 times the one of CTA and 5000 h ob-
servation time. Of course, these values should just taken
to be indications of what the final design could look like,
the details having to be worked out in more dedicated fu-
ture studies. In Tab. II, we indicate how the performance
details of DMA compare to those of CTA and Fermi.

To summarize, Fig. 2 shows the reach of the gamma-
ray experiments discussed here in the plane h�vi/m2

�

vs.
the dark matter mass m

�

, the first quantity being di-
rectly proportional to the expected signal as given in
Eq. (1). One can clearly see that while CTA would be
able to assess a considerably larger class of models than
Fermi, the reach of DMA would extend even much further
into the underlying parameter space, illustrating nicely
the potential of using a dedicated approach to indirect
searches as proposed here.

In passing, we note that the contribution from IB is,
indeed, quite important to take into account in this type
of studies – especially since it dominates the annihilation
signal at high energies where ACTs are most sensitive. To
illustrate this point, let us consider the ratio of expected
signal and CTA sensitivity, which is of direct relevance for
signal-dominated searches like in the case of dwarf galax-
ies. In Fig. 3, we plot the enhancement of this quantity
that is obtained by including IB e↵ects as opposed to
taking into account secondary and line photons only. As
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FIG. 3: This figure shows how much the detectability of a
given model, defined here as the largest ratio of annihilation
signal to CTA sensitivity, for all energy bins, is enhanced by
including IB contributions.

the chance to detect a given model is increased by up
to an order of magnitude, in agreement with what was
found in [24, 59]. We take the opportunity to comment
that while this is an important e↵ect, the spectral sig-
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FIG. 2: The modulated fraction of events as a function of δ (in keV) for mχ = 100 GeV.

forward. (For 30% modulation, we would expect roughly half of the events in the 14.5 keV

- 45 keV range to be genuine WIMP scatters.) Since we are sampling high velocity WIMPs,

it is clear that a careful treatment of the escape velocity is important.

How we treat the velocity distribution is also important in determining the region allowed

by both DAMA and CDMS. In fact, because the limits from CDMS are so strong, consistency

with DAMA usually requires higher δ as well, where there are few or no particles in the halo

capable of scattering at CDMS. As an heuristic tool, we show in figure 3 the values of δ

and mχ where there simply are no particles in the halo capable of scattering at CDMS for

different values of the galactic escape velocity. To the right of these lines, CDMS has no

sensitivity, and in the neighborhood of these lines, the CDMS sensitivity is highly suppressed.

These are the principal effects that reduce the sensitivity of CDMS versus DAMA, and allow

consistency between the experiments.

V. RATES, BENCHMARK POINTS AND SPECTRA

To calculate the rates, we employ the standard techniques for nuclear recoils [14, 15].

The event rate at a given experiment is given by

dR

dER
= NT MN

ρχσn

2mχµ2
ne

(fpZ + fn(A − Z))2

f 2
n

F 2[ER]

∫ ∞

βmin

f(v)

v
dv. (6)

Here MN is the nucleus mass, NT is the number of target nuclei in the detector, ρχ =

0.3 GeV/cm3 is the WIMP density, µne is the reduced mass of the WIMP-nucleon system,

F 2[ER] is the nuclear form factor, and f(v) is the halo velocity distribution function. We

choose to normalize our results for fn = fp = 1.
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particle physics
PP: Type of interaction, mediator

nuclear physics

NP: Form factor - when de Broglie wavelength of interaction is 
comparable to nuclear size - resolve that it is not a point particle 
(q2~ 2 MNER => ER~ 100 keV) (Duda, Gondolo+Kemper 0608035)
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PP: Type of interaction, mediator
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NP: Form factor - when de Broglie wavelength of interaction is 
comparable to nuclear size - resolve that it is not a point particle 
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• The only relevance of WIMP mass in DD exps is the reduced 
mass



Figure 2: Velocity distribution functions: the left panels are in the host halo’s restframe, the
right panels in the restframe of the Earth on June 2nd, the peak of the Earth’s velocity relative
to Galactic DM halo. The solid red line is the distribution for all particles in a 1 kpc wide shell
centered at 8.5 kpc, the light and dark green shaded regions denote the 68% scatter around the
median and the minimum and maximum values over the 100 sample spheres, and the dotted line
represents the best-fitting Maxwell-Boltzmann distribution.

are independent of location and persistent in time and hence reflect the detailed assembly
history of the host halo, rather than individual streams or subhalos. The extrema of the
sub-sample distributions, however, exhibit numerous distinctive narrow spikes at certain
velocities, and these are due to just such discrete structures. Note that although only
a small fraction of sample spheres exhibits such spikes, they are clearly present in some
spheres in all three simulations. The Galilean transform into the Earth’s rest frame washes
out most of the broad bumps, but the spikes remain visible, especially in the high veloc-
ity tails, where they can profoundly a�ect the scattering rates for inelastic and light DM
models (see Section 4).

– 6 –

MB generally good near the peak, generally not near the tail
Kuhlen, et al
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II. VELOCITY RANGES AND ASTROPHYSICS-INDEPENDENT SCATTERING RATES

In general the di�erential rate at a direct detection experiment, for elastically scattering DM, is given by,

dR

dER
=

NTMT ⇥

2m⇥µ2
⇤(ER) g(vmin) , (1)

where µ is the DM-nucleus reduced mass. The function g(vmin) is related to the integral of the DM velocity distri-
bution, f(v, t), by,

g(vmin) =

⌥ 1

vmin

d3v
f(v, t)

v
. (2)

There is a minimum speed that the DM must have in order to deposit recoil energy ER in the detector. For elastically
scattering WIMPs this minimum velocity is

vmin =

�
MTER

2µ2
. (3)

This simple relationship allows us to compare results from di�erent direct detection experiments without making
an assumption about the distribution of DM velocities in galaxy’s halo, provided one can relate the scattering cross
sections at the various experiments. In the standard cases of SI or SD DM the nuclear scattering cross section can be
related to the nucleonic (in this case the proton) cross section as

⇤SI(ER) = ⇤p
µ2

µ2
n⇥

(fp Z + fn (A� Z))2

f2
p

F 2(ER) (4)

⇤SD(ER) =
⇤p

2J + 1

µ2

µ2
n⇥

�
a2p Spp(ER) + ap anSpn(ER) + a2nSnn(ER)

⇥2

a2p
, (5)

allowing comparison of di�erent experiments, we have defined µn⇥ as the DM-nucleon reduced mass. We first discuss
the case where it is possible to estimate backgrounds and extract a reliable spectrum for the DM signal from the
experimental data, the situation where only total rate and not di�erential rate is available will be discussed below.

Let us suppose we have two experiments to compare, with targets N1,2 with masses M1,2 which take data over
energy ranges [Ei,low, Ei,high]. These energy ranges correspond to velocity ranges [vi,low, vi,high], using (3).

This brings to the central point of our e�orts: to make a comparison between two experiments one must first
determine whether the velocity space probed by the two experiments overlaps. As a matter of practical course, a
given experiment has a lower energy threshold Emin, which can be translated into a lower bound on the velocity
range. If experiment 1 has data for the di�erential rate of DM scattering in their experiment, dR1/dER at energies

E(1)
i this can be used to predict a rate at energy E(2)

i at experiment 2, dR2/dER.
We can invert equation 1 to solve for g(v) over the velocity range [v1,low, v1,high]

g(v) =
2m⇥µ2

NTMT ⇥⇤(ER)

dR1

dE1
(6)

This then allows us to explicitly state the expected rate for experiment two, but restricted to the energy range
[E2,low, E2,high] dictated by the appropriate velocity range. would it be useful to rewrite NT MT factors
as mass fractions?

dR2

dER
(E2) =

M (2)
T N (2)

T µ2
1

M (1)
T N (1)

T µ2
2

⇤2(E2)

⇤1

⇤
µ2
1 M(2)

T

µ2
2M

(1)
T

E2

⌅ dR1

dER

⇧
µ2
1 M

(2)
T

µ2
2 M

(1)
T

E2

⌃
. (7)

Equations (6) and (7) are the central results of this paper. They make no astrophysical assumptions, but only rely
upon the assumption that an actual signal has been observed.

We now focus on the SI case, since there are a greater number of experiments probing this scenario, but the analysis
for SD is similar, in this case we can use (5) to rewrite (7) in a simple form

dR2

dER
(E2) =

C(2)
T

C(1)
T

F 2
2 (E2)

F 2
1

⇤
µ2
1 M(2)

T

µ2
2M

(1)
T

E2

⌅ dR1

dER

⇧
µ2
1 M

(2)
T

µ2
2 M

(1)
T

E2

⌃
, (8)
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A direct prediction of the rate 
at experiment 2 from experiment 1
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FIG. 2: The extracted CoGeNT signal (left and bottom axes) and the rate it is mapped to on a
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energies F 2
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) ⇠ 1). The dashed line is the lower bound on the rate at low energies,

using the monotonically falling nature of g(v
min

).

discussion in [41]), and thus the value at the low end of this range is a lower bound for

lower values of v. This is not especially relevant for our analysis here, but would be likely

relevant in situations where the other experiments could probe lower energies as well.

Since we will compare this with the XENON10 experiment, we choose f
p

= 1 and f
n

= 0,

which is motivated from light mediators mixing with the photon, since it will give the most

lenient bounds. Using (11) we can map the CoGeNT signal onto a Xenon target, and study

the signal that would arise at XENON10. We show this in figure 2.

What is remarkable about this figure is that – once the CoGeNT signal is specified – the

expected rate on a Xenon target is completely unambiguous (and similarly on any other

target). This involves no assumptions about the halo escape velocity, velocity dispersion, or

even the assumption that the velocity distribution is Maxwellian, but requires only an input

of the WIMP mass.

After taking into account exposure and the detector e�ciencies (MIN, MED and MAX

cases described above) we can predict the total number of events predicted by the CoGeNT

13

Mapping between two experiments depends 
only on mass
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• In progress, but hard



• A singlet, a doublet and a triplet with some specific couplings
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WHAT SUSY DOES FOR YOU

• Baryon and lepton number violation operators

• Hence, a parity that we invoke by hand
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Figure 6: Contours of mh = 125 GeV in the NMSSM, taking mQ3 = mu3 = mt̃ and varying
tan � = 2, 5, 10 from left to right, and varying ⇥ within each plot. We add the tree-level Higgs
mass (with NMSSM parameters chosen to maximize it) to the two-loop stop contribution from
Suspect. The tree-level Higgs mass is largest at lower values of tan � and larger values of ⇥,
where only modestly heavy stops, mt̃ ⇥ 300 GeV, are needed to raise the Higgs to 125 GeV.
Heavy stops are still required for lower values of ⇥ and larger values of tan �.

to many studies of the NMSSM which focus on the scenario with no dimensionful terms in the

superpotential. We define the parameter µ = µ̂ + ⇥ ⌅S⇧, which acts as the e�ective µ-term and

sets the mass of the charged Higgsino.

We also include the following soft supersymmetry breaking terms,

Vsoft ⇤ m2
Hu

|Hu|2 +m2
Hd
|Hd|2 +m2

S|S|2 + (BµHuHd + ⇥A� SHuHd + h.c.) . (9)

For simplicity, we have not included the trilinear interaction S3 in the superpotential or scalar

potential because we do not expect its presence to qualitatively change our results. We neglect

CP phases in this work and take all parameters in equations 8 and 9 to be real.

In this section, we focus on the scenario where the lightest CP-even scalar is mostly doublet,

with doublet-singlet mixing not too large. The lightest CP-even scalar mass that results from

the above potential is bounded from above at tree-level [14],

(mh
2)tree � m2

Z cos2 2� + ⇥2v2 sin2 2�. (10)

Since we take the lightest scalar to be dominantly doublet, this is a bound on the Higgs mass.1

The first term is the upper bound in the MSSM, while the second term is the contribution

from the interaction involving the singlet. The above bound is saturated when the singlet is

integrated out with a large supersymmetry breaking mass, m2
S > M2

S [19], which, in practice,

1It is also interesting to consider the case where the lightest eigenstate is dominantly singlet. Then, singlet-
doublet mixing can increase the mass of the dominantly doublet eigenstate [29].

10

Stop Mass requirements may be relaxed in the NMSSM

W = �SHuHd

�m2
h / �2v2 sin2 2�

At low values of tan� and large values

of � singlet e↵ects are relevant.

Reduced fine tuning can be obtained at the

cost of accepting the additional singlet.

Mixing between CP-even states may be a↵ected too.

Hall, Pinner, Ruderman’11

Ellwanger ’11
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THE NMSSM



Yukawa couplings run weak at low energies

THE NMSSM

If only the gauge 
coupling were larger!
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REEXAMINING NMSSM

• quartic is (hu hd)^2

•must be at small tan beta                                                     
=> hd has no large couplings

• why are we trying to identify that thing with hd ?                             
=> because it’s there

•Why not think of it as something totally different?
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A SISTER HIGGS

• proposal: hd is not hd, it is something else

• ie S Hu Σd

• Σd has no direct couplings to any fermions, 

• “sister Higgs”: Higgs that participates in EWSB but without 
tree level renormalizeable couplings to SM fermions 
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DM WITH A SISTER



SISTER HIGGS

• Sister Gauge group may be broken to contain a residual U(1)

• Lightest Sister Particle is then stable

• => ‘ino like DM but not in cascades



SUSY AND NEW SYMMETRIES 
RPV

• The lack of MET signals may tell us

• SUSY is heavy

• SUSY is squeezed

• SUSY is hidden (e.g., RPV)

•None of these things tell us that there is no SUSY DM



CONCLUSIONS

• The absence of spartners and the high Higgs mass may be 
telling us something:

• A “chaotic” SUSY model can easily have LSPs at low masses

• A “decoupled color” model can have electroweakinos at a light 
scale

• A “natural” unnatural SUSY model still have gauginos at the 
TeV scale



CONCLUSIONS

• In the “nightmare” scenario discovery is possible through

• gluinos (in squeezed spectrum)

• gluinos (for non-DM or non-thermal winos)

• direct detection (even at the nightmare points)

• Higgs may be telling us the weak scale is more interesting

•Other stable particles?

•What is SUSY DM?













THE TWO CROSS SECTIONS 
TO THINK ABOUT

�FEM
µ� Fµ�

d ) �FEM
µ� F̃µ�

d

⇤0 ⇡
G2

fµ
2

2⇥

⌅

1

�FEM
µ� Fµ�

d ) �FEM
µ� F̃µ�

d

⇤0 ⇡
G2

fµ
2

2⇥

⌅

1

�FEM
µ� Fµ�

d ) �FEM
µ� F̃µ�

d

⇤0 ⇡
G2

fµ
2

2⇥

⌅

1

�FEM
µ� Fµ�

d ) �FEM
µ� F̃µ�

d

⇤0 ⇡
G2

fµ
2

2⇥

⌅

1

Z h



THE TWO CROSS SECTIONS 
TO THINK ABOUT

�FEM
µ� Fµ�

d ) �FEM
µ� F̃µ�

d

⇤0 ⇡
G2

fµ
2

2⇥

⌅

1

�FEM
µ� Fµ�

d ) �FEM
µ� F̃µ�

d

⇤0 ⇡
G2

fµ
2

2⇥

⌅

1

�FEM
µ� Fµ�

d ) �FEM
µ� F̃µ�

d

⇤0 ⇡
G2

fµ
2

2⇥

⌅

1

�FEM
µ� Fµ�

d ) �FEM
µ� F̃µ�

d

⇤0 ⇡
G2

fµ
2

2⇥

⌅

1

�FEM
µ� Fµ�

d ) �FEM
µ� F̃µ�

d

⇤0 ⇡
G2

fµ
2

2⇥
⇠ 10�39cm2

⌅

1

Z h



WIMP Mass [GeV/c2]

C
ro

ss
ïs

ec
tio

n 
[c

m
2 ] (

no
rm

al
is

ed
 to

 n
uc

le
on

)

120401134101

  http://dmtools.brown.edu/ 
  Gaitskell,Mandic,Filippini

101 102 103

10ï48

10ï46

10ï44

10ï42

10ï40



WIMP Mass [GeV/c2]

C
ro

ss
ïs

ec
tio

n 
[c

m
2 ] (

no
rm

al
is

ed
 to

 n
uc

le
on

)

120401134101

  http://dmtools.brown.edu/ 
  Gaitskell,Mandic,Filippini

101 102 103

10ï48

10ï46

10ï44

10ï42

10ï40



Ruled out 
(just a little bit)

WIMP Mass [GeV/c2]

C
ro

ss
ïs

ec
tio

n 
[c

m
2 ] (

no
rm

al
is

ed
 to

 n
uc

le
on

)

120401134101

  http://dmtools.brown.edu/ 
  Gaitskell,Mandic,Filippini

101 102 103

10ï48

10ï46

10ï44

10ï42

10ï40



THE TWO CROSS SECTIONS 
TO THINK ABOUT

�FEM
µ� Fµ�

d ) �FEM
µ� F̃µ�

d

⇤0 ⇡
G2

fµ
2

2⇥

⌅

1

�FEM
µ� Fµ�

d ) �FEM
µ� F̃µ�

d

⇤0 ⇡
G2

fµ
2

2⇥

⌅

1

�FEM
µ� Fµ�

d ) �FEM
µ� F̃µ�

d

⇤0 ⇡
G2

fµ
2

2⇥

⌅

1

�FEM
µ� Fµ�

d ) �FEM
µ� F̃µ�

d

⇤0 ⇡
G2

fµ
2

2⇥

⌅

1

�FEM
µ� Fµ�

d ) �FEM
µ� F̃µ�

d

⇤0 ⇡
G2

fµ
2

2⇥
⇠ 10�39cm2

⌅

1

Z h



THE TWO CROSS SECTIONS 
TO THINK ABOUT

�FEM
µ� Fµ�

d ) �FEM
µ� F̃µ�

d

⇤0 ⇡
G2

fµ
2

2⇥

⌅

1

�FEM
µ� Fµ�

d ) �FEM
µ� F̃µ�

d

⇤0 ⇡
G2

fµ
2

2⇥

⌅

1

�FEM
µ� Fµ�

d ) �FEM
µ� F̃µ�

d

⇤0 ⇡
G2

fµ
2

2⇥

⌅

1

�FEM
µ� Fµ�

d ) �FEM
µ� F̃µ�

d

⇤0 ⇡
G2

fµ
2

2⇥

⌅

1

�FEM
µ� Fµ�

d ) �FEM
µ� F̃µ�

d

⇤0 ⇡
G2

fµ
2

2⇥
⇠ 10�39cm2

⌅

1

Z h

�FEM
µ� Fµ�

d ) �FEM
µ� F̃µ�

d

⇤0 ⇡
G2

fµ
2

2⇥
⇠ 10�39cm2

⌅

g ⇠ 1 ) yp ⇠
1

few

mp

v

1



THE TWO CROSS SECTIONS 
TO THINK ABOUT

�FEM
µ� Fµ�

d ) �FEM
µ� F̃µ�

d

⇤0 ⇡
G2

fµ
2

2⇥

⌅

1

�FEM
µ� Fµ�

d ) �FEM
µ� F̃µ�

d

⇤0 ⇡
G2

fµ
2

2⇥

⌅

1

�FEM
µ� Fµ�

d ) �FEM
µ� F̃µ�

d

⇤0 ⇡
G2

fµ
2

2⇥

⌅

1

�FEM
µ� Fµ�

d ) �FEM
µ� F̃µ�

d

⇤0 ⇡
G2

fµ
2

2⇥

⌅

1

�FEM
µ� Fµ�

d ) �FEM
µ� F̃µ�

d

⇤0 ⇡
G2

fµ
2

2⇥
⇠ 10�39cm2

⌅

1

Z h

�FEM
µ� Fµ�

d ) �FEM
µ� F̃µ�

d

⇤0 ⇡
G2

fµ
2

2⇥
⇠ 10�39cm2

⌅

g ⇠ 1 ) yp ⇠
1

few

mp

v

1

�FEM
µ� Fµ�

d ) �FEM
µ� F̃µ�

d

⇤0 ⇡
G2

fµ
2

2⇥
⇠ 10�39cm2

⌅

g ⇠ 1 ) yp ⇠
1

few

mp

v

⇤0 ⇠ 10�39cm2 ⇥ 10�6

1

�FEM
µ� Fµ�

d ) �FEM
µ� F̃µ�

d

⇤0 ⇡
G2

fµ
2

2⇥
⇠ 10�39cm2

⌅

g ⇠ 1 ) yp ⇠
1

few

mp

v

⇤0 ⇠ 10�39cm2 ⇥ 10�6

⇠ 10�45cm2

1



A “MINIMAL MODEL” OF DARK 
MATTER

bative analysis which we present. Couplings to all Standard Model fields are controlled

by the single parameter λ.

We now identify what constraints are implied for these couplings by general con-

siderations like vacuum stability or from the requirement that the vacuum produce an

acceptable symmetry-breaking pattern. These are most simply identified in unitary

gauge,
√

2H† = (h, 0) with real h, where the scalar potential takes the form:

V =
m2

0

2
S2 +

λ

2
S2h2 +

λS

4
S4 +

λh

4

(

h2 − v2
EW

)2
. (2.2)

λh and vEW = 246 GeV are the usual parameters of the Standard Model Higgs potential.

1. The Existence of a Vacuum: This potential is bounded from below provided

that the quartic couplings satisfy the following three conditions:

λS, λh ≥ 0 and (2.3)

λS λh ≥ λ2 for negative λ.

We shall assume that these relations are satisified and study the minima of the scalar

potential.

2. Desirable Symmetry Breaking Pattern: We demand the minimum of V to have

the following two properties: It must spontaneously break the electroweak gauge group,

〈h〉 &= 0; and it must not break the symmetry S → −S, so 〈S〉 = 0. The first of these

is an obvious requirement in order to have acceptable particle masses, while the second

is necessary in order to ensure the longevity of S in a natural way. (S particles must

survive the age of the universe in order to play their proposed present role as dark

matter.)

The configuration h &= 0 and S = 0 is a stationary point of V if and only if v2
EW

> 0,

in which case the extremum occurs at h2
ext = v2

EW
. This is a local minimum if and only

if

m2
0 + λ v2

EW
> 0. (2.4)

A second local minimum, with hext = 0 and S2
ext = −m2

0/λS, can also co-exist with the

desired minimum if λ > 0 and λ2 < λhλS. This second minimum is present so long

as m2
0 < 0 and −λm2

0 > λSλhv2
EW

. Even in this case, the minimum at Sext = 0 and

h2
ext = v2

EW
is deeper, and so is the potential’s global minimum, provided that

0 < −m2
0 < v2

EW

√

λhλS. (2.5)
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FIG. 1: The region of the NMSM parameter space (k(mZ), mh) that
satisfies the stability and triviality bounds, for h(mZ) = 0, 1.0, and
1.2. Also the preferred values from the cosmic abundance ΩSh2 =
0.11 are shown for various mS . We used y(mZ) = 1.0.
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FIG. 2: The elastic scattering cross section of Dark Matter from nu-
cleons in NMSM, as a function of the Dark Matter particle mass mS

for mh = 150 GeV. Note that the region mS
>
∼

1.8 TeV is disal-
lowed by the triviality bound on k. Also shown are the experimental
bounds from CDMS-II [25] and DAMA [26], as well as improved
sensitivities expected in the future [27].

Are there new observable consequences of the NMSM? The
Higgs boson may decay invisibly h → SS [11]. It will be
subject to search at the LHC via W -boson fusion, or more
promisingly at a Linear Collider. If the singlet is heavier than
mh/2, the search at collider experiments becomes exceed-
ingly difficult. One possibility is the W -boson fusion pro-
cesses qq → qqSS + g or qqSS + γ, where forward jets are
tagged, large missing pT is seen, together with additional iso-
lated photon or jet. It may not cover the entire range up to
1.8 TeV. The scattering of S on nuclei is dominated by the
Higgs boson exchange, as worked out in [10, 11]. The pre-
diction for mh = 150 GeV is shown in Fig. 2; it is clear that

the model is consistent with the current limit from CDMS-II
[25]. It cannot explain, however, the controversial data from
DAMA [26]. Because the Higgs boson is light thanks to the
triviality bound, the scattering cross section is promising for
the underground Dark Matter searches for mS

<∼ mh/2.
The spectrum index of the ϕ2 chaotic inflation model is pre-

dicted to be 0.96. This may be confirmed in improved cosmic-
microwave background anisotropy data, with more years of
WMAP and Planck. The tensor-to-scalar ratio is 0.16 [21],
again within the reach of near future observations. For other
inflationary scenarios, predictions vary. The equation of state
of Dark Energy is predicted to be exactly w = −1.

Neutrinos are Majorana fermions and hence we expect neu-
trinoless double beta decay at some level. Because one of the
neutrino masses exactly vanishes (ignoring tiny Planck sup-
pressed effects), the signal in the near-future experiments is
possible only for the inverted hierarchy [31].

Here we list a few future observations that could rule the
NMSM incomplete. Obviously, discovering any particles at
the electroweak scale other than h and S at a collider will re-
quire an extension of the model. A Higgs mass inconsistent
with the bounds in Fig. 1 will also be a smoking gun for ad-
ditional physics. Confirmation of the DAMA signal would
require a different Dark Matter candidate. Signals of some
rare decays, such as µ → eγ, would require extra flavor-
changing effects. Observation of new sources of CP violation
beyond the CKM and MNS phases is another avenue, e.g., an
electron electric dipole moment or a discrepancy in sin 2β be-
tween B → φKS and ψKS modes. As for the neutrino sec-
tor, a confirmation of the LSND results by the Mini-BooNE
experiment would require new degrees of freedom beyond the
NMSM. Positive signal for neutrino mass at KATRIN would
require masses for all three neutrinos. A future observation by
a satellite experiment, such as Planck, of Ωtot deviating from
unity or of non-Gaussianity of the density fluctuations could
rule out the one-field inflationary scenario of the NMSM. Fi-
nally, detection of proton decay in any of the current or fore-
seeable future experiments cannot be explained in the NMSM.

It needs to be mentioned that the NMSM does require an ex-
treme degree of fine-tuning. The cosmological constant rep-
resents a tuning with an accuracy of 10−120. The hierarchy
between the electroweak and the Planck scales should also be
fine-tuned at the level of 10−32. Fermion mass hierarchies and
mixings are not explained. The QCD vacuum angle is simply
chosen to be θ <∼ 10−10. The Z2 symmetry on the singlet is
imposed by hand. The parameters in the inflation potential are
chosen to be small. Nonetheless, the model is empirically suc-
cessful in describing everything we know about fundamental
physics, and needs to be taken seriously. Any new physics
beyond the NMSM that may address the aesthetic issues men-
tioned here should not spoil the success of the NMSM.

Here, we list some possible directions for going beyond the
scope of the present work. The triviality and stability bounds
can be improved to two-loop level. Feasibility of collider
searches for S with mS > mh/2 needs further analysis. For
this mass region, indirect Dark Matter searches are of great in-
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Figure 4: The predictions for the elastic cross section, σel, as a function of mS, which

follows from the λ(mS) dependence dictated by the cosmic abundance. Also shown by

a dashed line is the exclusion limit from the CDMS experiment [6] .

falsify than are more complicated models, with much of the parameter space covered

by the next generation of experiments [4]. Most importantly, the projected sensitivities

of the CDMS-Soudan and Genius experiments will completely cover the range mS ≤ 50

GeV, for values of the Higgs mass between 110 and 140 GeV. As we show in the next

section, this range of masses and coupling constants has important implications for the

Higgs searches at colliders. On the other hand, there exists the possibility of completely

“hiding” the dark matter by choosing 0.4mh <∼ mS ≤ 0.5mh. In this case annihilation

at freeze-out is very efficient, requiring small λ’s which lead to elastic cross sections

suppressed to the level of 10−48 cm2. These levels of sensitivity to σel(nucleon) are not

likely to be achieved in the foreseeable future.

Our model of a singlet real scalar predicts a smaller signal for underground detectors

than does a model where the dark matter consists of N singlet scalars (including the

model considered in ref. [10], for which N = 2). This is because the abundance of every

individual species must be 1/N of the total dark matter abundance, Ωi = Ωtot/N . This

requires a larger annihilation rate at freeze-out for every species, and so an enhancement
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potential.
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the following two properties: It must spontaneously break the electroweak gauge group,

〈h〉 &= 0; and it must not break the symmetry S → −S, so 〈S〉 = 0. The first of these

is an obvious requirement in order to have acceptable particle masses, while the second

is necessary in order to ensure the longevity of S in a natural way. (S particles must

survive the age of the universe in order to play their proposed present role as dark

matter.)

The configuration h &= 0 and S = 0 is a stationary point of V if and only if v2
EW

> 0,

in which case the extremum occurs at h2
ext = v2

EW
. This is a local minimum if and only

if

m2
0 + λ v2

EW
> 0. (2.4)

A second local minimum, with hext = 0 and S2
ext = −m2

0/λS, can also co-exist with the

desired minimum if λ > 0 and λ2 < λhλS. This second minimum is present so long

as m2
0 < 0 and −λm2

0 > λSλhv2
EW

. Even in this case, the minimum at Sext = 0 and

h2
ext = v2

EW
is deeper, and so is the potential’s global minimum, provided that

0 < −m2
0 < v2

EW

√

λhλS. (2.5)
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Various physics can move it up or down - 
but this is a natural starting point


